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Abstract
We study how non-perturbative dynamics on D-branes affects the ten-dimensional ge-
ometry. We show that a gaugino condensate changes the complex and the symplectic
structures of the original manifold by deforming the supersymmetry conditions. The
cases of D5, D6 and D7-branes are discussed in detail. In the latter case we find the
explicit form of the resulting back-reacted background at linear order in the gaugino
condensate.
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1 Introduction
Non-perturbative effects play an important role in many branches of string theory. In
the case of the phenomenology-motivated settings, the non-perturbative effects are usu-
ally approached from the low-energy four-dimensional perspective: the internal space is
typically compactified and at low energy the theory reduces to some four-dimensional
effective theory. The latter usually involves the moduli of the internal space plus some
gauge fields.
However, the non-perturbative phenomena are expected to have an effect already at
the level of the ten-dimensional geometry. Take for example a string theory compacti-
fication which includes a confining gauge sector, with a confining scale Λconf . For large
Λconf & ΛKK, one expects that a proper description of the non-perturbative strongly
coupled dynamics should necessarily involve the complete ten-dimensional theory. When
Λconf is reduced to Λconf ≪ ΛKK, at low energies the ten-dimensional description should
eventually match the effective four-dimensional one. In particular, in the ten-dimensional
supergravity regime when the stringy corrections can be neglected one expects a direct
modification of vacuum equations determining the geometrical structure and the matter
content of the internal space.
A proper understanding of this problem can become important in the so-called lo-
cal models which use the ‘bottom-up’ approach focusing on a local patch where some
interesting physics takes place. The issues related to the understanding of the com-
plete compactification are usually postponed. For instance, in the D3-brane inflationary
models of [1] a deformation of the original classical warped conifold background [2, 3]
is introduced in order to get a more realistic inflation potential [4].1 These models are
based on the no-scale vacua of [7] which do not a priori allow for such deformations at
the classical level. Hence, from the point of view of the complete compact internal space,
deformations of this kind cannot be considered as perturbative ones. Rather they affect
physics at the KK-scale, drastically changing the original background. It is then inter-
esting to understand how the deformations of the classical geometry can be dynamically
generated by non-perturbative quantum effects.
In type II settings with D-brane non-perturbative effects, the above problem has been
already addressed in [8, 9] following two different approaches. One of the goals of this
paper is to revisit the considerations of [8, 9] combining them into a unifying picture.
For the sake of clarity and concreteness, we will focus on several specific cases: the
non-perturbative effects generated by gaugino condensation on D5, D6 and D7 branes
wrapping internal two-, three- and four-cycles respectively.
1Another example when such a deformation can be important is the engineering of the realistic
Yukawa couplings on the intersecting seven-branes [5, 6].
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The backreaction of D5-branes wrapping a two-cycle in a non-compact CY-space has
been previously considered in the literature in the context of the geometric transition
and the gauge/gravity correspondence [3, 10, 11, 12, 13]. In the prototypical setting, N
D5-branes are wrapping the rigid two-cycle at the tip of the resolved conifold and are
described by an effective four-dimensional SYM theory which undergoes gaugino con-
densation. In the large N -limit, such a theory is described by a dual background in
which the D-branes have disappeared and the gaugino condensation is represented by a
deformation of the complex structure of the background. Hence, the background under-
goes a geometric transition from the resolved to deformed conifold (see [13] for a recent
discussion). One can interpret this as a ‘backreaction’ of the non-perturbative effect
and in this paper we focus on this point of view. By following the general formalism
introduced in [8], we will provide an explanation of the direct dynamical origin of such
an effect within the local ten-dimensional supergravity approach without relying on any
compactification effects or using any holographic argument. In turn, the well-understood
holographic viewpoint will provide a check of our approach. As it is rooted in the supe-
gravity description, our approach has an advantage of being applicable to a more general
set of situations going beyond the conifold geometry.
Furthermore, we will also see how the very same approach works in mirror symmetric
case with N D6-branes wrapping rigid three-cycles. The simplest example of such a
situation is when N D6-branes wrap the three-sphere at the tip of the deformed conifold.
It is the original example considered in [11]. The results reached there are in perfect
agreement with what we will obtain using our approach.
Reassured by the insight gained from the cases involving D5 and D6-branes, we will
move on to study the effects of gaugino condensation on D7-branes. Similarly to the
case with D5 and D6-branes, we describe how the non-perturbative effect of the D7-
branes can be encoded as a backreaction of the underlying geometry. In particular, it
appears that at the leading order the non-perturbative physics on the D7-branes has
two effects: the deformation of the bulk integrable complex structure into a generalized
complex structure [8] and the generation of IASD three-form flux [9]. We will provide
a unifying framework that includes both points of view. Moreover, this will allow us
to improve our understanding of the geometrization, proposed in [8] and [9], of the
non-trivial superpotential for the mobile D3-branes induced by the D7-branes [14, 15]
supporting a gaugino condensate.
2 Geometric deformations from condensing D5-branes
In this section we focus on compactifications with N D5-branes wrapping an internal rigid
two-cycle. We will first review the conditions that the internal six-dimensional geometry
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obeys at the classical level. Then we explain how these conditions can be obtained from
a superpotential which depends on the KK modes associated with the compactification
[8]. We will then incorporate the effect of gaugino condensation and discuss some of its
physical implications.
2.1 The classical background
Here we consider the supergravity backgrounds with the ten-dimensional space X10 =
X4 × M , where X4 is the four-dimensional Minkowski space and M is the internal,
compact or non-compact, manifold. In the internal space we allow for possible D5-
branes. In the case of compact M , O5-planes would then be necessary to cancel the net
charge, and M would be the associated covering space.
In this setting, four-dimensional N = 1 supersymmetry implies that the background
can be characterized as an SU(3)-structure manifold, as follows.2 The string-frame metric
can be written in the form
ds2 = eφdxµdxµ + ds
2
M (2.1)
where φ is the dilaton, not necessary constant. The internal space is complex and has a
holomorphic (3, 0)-form Ω
dΩ = 0 . (2.2)
On the other hand the fundamental two-form Jmn := gmkI
k
n (where I
m
n is the complex
structure defined by Ω) is not closed, but rather it must obey the following conditions3
d(eφJ) = −e2φ ∗ F3 , d(J ∧ J) = 0 . (2.3)
Notice that the first relation in (2.3) defines F3 in terms of the SU(3)-structure data and
the dilaton. In addition, the flux F3 should obey the Bianchi Identity (BI)
dF3 = ℓ
2
s
[ ∑
a∈D5-branes
δ4Da −
∑
b∈O5-planes
δ4Ob
]
(2.4)
where ℓs = 2π
√
α′ and Da and Ob are the holomorphic two-cycles wrapped by the D5-
branes and O5-planes respectively. In (2.4), δ4D refers to the internal delta-like form
localized on the two-cycle D.4
2These vacua are called type C in the classification of [16].
3 The normalization of Ω and J is given by volM = (1/3!)J∧J∧J = −(i/8) e−φΩ∧Ω¯. An alternative,
more physical way to fix the normalization of Ω is that Ω calibrates D5-brane domain wall, i.e. a BPS
domain wall obtained by wrapping a D5-brane on a three-cycle.
4 A formal definition of the delta-like k-form δk
Σ
on M , associated to a (6− k)-dimensional surface Σ,
is as follows: for any (6− k)-form ω on M , ∫M ω ∧ δkΣ ≡ ∫Σ ω.
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A crucial point is that the ten-dimensional supersymmetry conditions, including (2.2),
can be obtained as F-flatness and D-flatness conditions derived from a superpotential and
a Ka¨hler potential, which can be seen as functionals of the complete tower of the KK-
modes associated with the compactification. This has been demonstrated for the most
general supersymmetric background with Minkowski or AdS four-dimensional space in
[8] using the formalism of generalized complex geometry [17, 18]. Here we do not need
all that machinery, as we will focus just on the supersymmetry condition (2.2). This can
be obtained from the superpotential [19, 8]5
W = − π
ℓ8s
∫
M
Ω ∧ (F3 + ie−φdJ) . (2.5)
The overall minus sign is physically irrelevant as it can be reabsorbed into a redefinition
of Ω, and has been chosen for notational consistency with the following sections.
We consider (2.5) (or, better yet, its generalization given in [8], see (4.28) below) as
a ‘microscopic’ superpotential, which includes information on the internal space, taking
into account all KK modes without restricting to the low-energy light fields. In particular,
for what concerns us, it is sufficient to recognize thatW depends holomorphically on the
‘chiral field’
T2 := e−φJ − iC2 . (2.6)
Clearly, T2 is not a standard low-energy chiral field but rather an internal two-form which
can be thought of as encoding an entire KK-tower of chiral fields.
Considering a small fluctuation δT2 , we get the following corresponding variation of
the superpotential
δW = −iπ
ℓ8s
∫
M
dΩ ∧ δT2 . (2.7)
Assuming a compactification with flat four-dimensional space, we obtain the following
F-term associated to T2
FT2 :=
δW
δT2 = −
iπ
ℓ8s
dΩ . (2.8)
Here and in the following we restrict for simplicity to the case of the Minkowski X4.
Then supersymmetry requires W = 0 and the F-term associated with the chiral field φi
is simply Fi = ∂W/∂φi. We recover the same expression in the rigid limit, when W
may not vanish but the corresponding term is suppressed by the Planck mass. Then, the
supersymmetry F-flatness condition FT2 = 0 indeed reproduces (2.2). It is important to
notice that the F-term FT2 is crucially associated to the massive KK-modes encoded in
T2 .
5Let us emphasize that (2.5) should be regarded as a superpotential of the superconformal formu-
lation of the four-dimensional supergravity. In particular W has fixed normalization, while in Einstein
supergravity the superpotential WE is defined up to a Ka¨hler transformation. The two are related by
W = eK/2WE. See [8, 20] for more details.
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2.2 Gaugino condensation and supersymmetry
We would like to see how the IR strongly coupled dynamics on a stack of N D5-branes
modify the bosonic ten-dimensional supersymmetry conditions. Our primary focus will
be on the condition (2.2). In a straightforward approach we should investigate how the
complete ten-dimensional supersymmetry transformations are modified in the presence
of the non-vanishing expectation value of the D5-brane gaugino bilinear, and how the re-
sulting modified Killing spinor conditions translate into a corresponding modification of
the classical supersymmetry conditions reviewed in section 2.1. However, this approach
presents technical difficulties related to our ignorance of the coupled bulk and D-branes
supersymmetry transformations. We will then follow an indirect derivation of the mod-
ified ten-dimensional conditions. Our approach will have the advantage of admitting a
clear four-dimensional interpretation.
We already saw that (2.2) can be rephrased using the four-dimensional language as
the vanishing of the F-term. Now our strategy will be to compute how FT2 is affected
by the gaugino condensate within the formalism adopted in the previous section. In
general the backgrounds with compact internal space may develop an instability due to
non-perturbative effect. To avoid dealing with this issue we simply consider the limit of a
non-compact internal space. This corresponds to having a rigid four-dimensional theory
and will allow us to preserve supersymmetry. The issues specific to the compactification
will be discussed in section 2.4.
Let us first recall how things go in a standard four-dimensional N = 1 theory. For
simplicity, we will work with the rigid superspace formalism. We consider a theory with
chiral superfields φi and a gauge multiplet sector. Then the general supersymmetric
effective Lagrangian contains the following chiral contributions6∫
d2θW(φ) + 1
8π
∫
d2θ α(φ) TrW αWα + c.c. (2.9)
where W is the superpotential for the chiral fields, while Wα is the superfield whose
lowest component is the gaugino:
Wα = −iλα + . . . (2.10)
Furthermore the lowest component of α(φ) gives the SYM coupling and the theta-angle
(α is related to the conventional coupling τ through τ ≡ iα)
α(φ) =
4π
g2YM
− i θYM
2π
(2.11)
6 The generators Ta of the gauge group G are defined such that TrTaTb =
1
2
δab. Hence, TrW
αWα =
1
2
W aαW aα .
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as can be seen from the standard superspace integration
1
8π
∫
d2θ α(φ) TrW αWα + c.c. =
− 1
2g2YM
TrFµνF
µν +
θYM
32π2
ǫµνρσ TrFµνFρσ − 2i
g2YM
Tr λσµ∂µλ¯+ . . . (2.12)
We employ the standard two-components notation for the spinor indices as in [21]. Of
course, gYM and θYM must be considered as functions of the chiral fields φ
i. Now, the
complete expressions for the F-terms Fφi associated with φi will contain the fermionic
bilinear λαλα
Fφi = ∂iW − 1
8π
(∂iα) Tr λ
αλα + . . . (2.13)
To describe the gaugino condensate we introduce the superfield
S = − 1
16π2
TrW αWα =
1
16π2
Tr λαλα + . . . (2.14)
In presence of the non-vanishing gaugino condensate we have
〈S〉 = 1
16π2
Tr〈λαλα〉 6= 0 (2.15)
and the F-flatness condition takes the form
Fφi = ∂iW − 2π 〈S〉 ∂iα = 0 . (2.16)
In passing, let us recall that the very same equations can be formally obtained from a
different perspective (still in the rigid limitMP →∞). Take the gauge group G =SU(N).
Then we may start with the superpotential
W˜(φ, S) =W(φ)− 2πα(φ)S +NS(1− log S
µ30
) (2.17)
where µ0 indicates the scale at which the holomorphic coupling α is defined. Once
one identifies Λ = µ0 e
− 2piα
3N , W˜(φ, S) is nothing but W(φ) corrected by the Veneziano-
Yankielowicz superpotential [22], governing the low-energy dynamics of S. We could now
pass to the effective superpotential obtained by integrating out S,
W˜eff(φ) =W(φ) +N µ30 e−
2piα(φ)
N (2.18)
This is the approach implicitly followed in [8] (see [23] for the early work based on a similar
idea). However it presents some conceptual subtleties related to the proper interpretation
of W˜eff . In particular, the extrapolation of W˜eff to a ten-dimensional framework seems
not to be a priori justified. For this reason, we prefer the logic followed above, in which
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we simply assume a non-trivial expectation value of the gaugino condensate without
specifying its dynamical origin. Notice also that this approach can be applied to the
more general gauge groups and matter content on the D-branes.
Let us then go back to our ten-dimensional problem. Our task is to understand how
the gaugino condensation on a stack of N D5-branes wrapping a rigid two-cycle D in
M modifies the ten-dimensional supersymmetry equations reviewed in section 2.1. As
already mentioned, attacking this problem directly appears difficult. We will circumvent
these difficulties by using the re-interpretation of the ten-dimensional supersymmetry
conditions in terms of the four-dimensional language. The question now is: how does
the presence of the gaugino condensate on the D5-branes modify the F-flatness condition
(2.8)?
By dimensionally reducing the bosonic D5-brane DBI+CS action on D we obtain
SD5 = − 1
8πℓ2s
∫
D
e−φJ
∫
X4
d4x
√
− det g4 TrFµνF µν + 1
4πℓ2s
∫
D
C2
∫
X4
TrF ∧ F + . . .
(2.19)
where we have only indicated the massless 4D SU(N) gauge sector and ‘. . .’ stands for
the terms containing other KK degrees of freedom on the D5-branes with masses of order
the inverse size of D. It is important to keep in mind that we are considering the D5
theory as a six-dimensional one that couples to the complete ten-dimensional bulk closed
string sector. In particular, near a supersymmetric vacuum configuration, the D-brane
sector should organize into a massless vector multiplet plus a tower of massive chiral and
vector multiplets. Hence, we are just reorganizing the higher dimensional theory as a
four-dimensional theory of massless as well as massive KK-modes.
By comparing (2.19) and (2.12) one can easily identify the holomorphic gauge coupling
associated with the massless SYM sector
α ≡ α(T ) = 1
ℓ2s
∫
D
(e−φJ − iC2 ) ≡ 1
ℓ2s
∫
D
T2 . (2.20)
It turns out to be depend only on T2. This is a bare coupling defined at the natural
cut-off scale µ0 at which the ten-dimensional effective action breaks down. This scale can
be roughly identified with the string scale 1/ℓs.
Now we need only adapt (2.16) to our ten-dimensional setting, by using (2.5) and
(2.20). It is easy to see that the F-term (2.8) gets modified to
FT2 =
δW
δT2 − 2π 〈S〉
δα
δT2 ≡ −
iπ
ℓ8s
dΩ− 2π
ℓ2s
〈S〉 δ4D (2.21)
Hence the associated F-flatness condition FT2 = 0 reads
dΩ = 2i ℓ6s 〈S〉 δ4D . (2.22)
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The gaugino condensate has modified the supersymmetry condition (2.2) into (2.22).
Let us mention here that (2.22) is a subcase of a more general formula obtained in
[8]. However the procedure followed here allows for a sharper physical interpretation. In
particular, this interpretation suggests that the remaining supersymmetry conditions are
left unchanged. This is because the holomorphic gauge coupling (2.20) does not depend
on other chiral fields whose F-terms could be associated to the remaining supersymmetry
conditions. Of course there could be subtleties affecting this naive conclusion. Indeed, we
will see that the remaining equations could be modified by the localized terms induced
by gaugino condensation, which can be reabsorbed in a redefinition of the internal fluxes.
This effect is known in the heterotic framework [24, 25] (see also [26]) as discussed in the
next section. In the type II framework we will see a concrete example of this effect in
the setting with D7-branes considered in sections 4 and 5.
In summary, our claim is the following. In the ten-dimensional supergravity ap-
proximation, a non-vanishing expectation value for the four-dimensional gaugino bilinear
associated with the four-dimensional SYM sector coming from the N D5-branes wrap-
ping a rigid two-cycle D, deforms the ten-dimensional supersymmetry condition (2.2)
into (2.22). We also expect the other conditions not to be modified or to be modified
only by the localized terms. Let us stress again that we are considering the limit in
which the internal space decompactifies and the theory is genuinely ten-dimensional or,
in other words, we are just focusing on a local patch around the two-cycle wrapped by
the condensing D5-branes. We will come back to the compactification effects in section
2.4.
2.3 The analogy with the heterotic M-theory case
What we have done so far is conceptually very similar, although procedurally and techni-
cally different, to the approach followed by Horˇava in [25]. There the very same problem
was studied in the context of heterotic M-theory [27]. In that case the internal space is
a seven-dimensional space of the form N = M × (S1/Z2), with M six dimensional CY,
and two E8 SYM sectors localized at the orbifold fixed points, in the eleventh direction
y11.
As we did above, Horˇava first employed the local point of view, in which S1/Z2 de-
compactifies to R/Z2 with only one E8 gauge sector localized at y
11 = 0. In the heterotic
M-theory case the complete low-energy eleven-dimensional supersymmetric theory cou-
pled to the localized gauge sector is under control and one can directly compute the
effects of the gaugino condensate on the Killing spinor equations. If η and η+∆η denote
the internal Killing spinor before and after the gaugino condensate is turned on, the
result of [25] (see equation (3.6) therein) is that ∆η must satisfy a Killing condition of
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the form
∂y∆η ∝ 〈S〉 δ(y) . (2.23)
Comparing it with (2.22) we see that the two relations share the same structure. The
analogy is strengthened if we recall that in the D5-brane setting Ω is constructed as a
bilinear of the internal Killing spinor: Ωmnp ≃ ηTγmnpη. Hence, both (2.22) and (2.23)
predict a delta-function-like contribution to the derivative of the Killing spinor at the
location of the defect on which the strongly coupled gauge sector is localized.
Hence, our results are similar to those of [25], lending credence to our evaluation of
how the gaugino condensate modifies the supersymmetry conditions. This similarity can
be extended in the following way. It was shown in [25] that it is natural to introduce a
new four-form flux G˜4 of the form
G˜4 = G4 + 〈S〉 δ1y11=0 ∧ ω3 (2.24)
where ω3 is a three-form along the boundaryM and δ
1
y11=0 is the delta-function one-form
(see footnote 4) localized at y11 = 0 in the eleventh direction. It is natural to treat the
new field G˜4 as a fundamental degree of freedom. In particular G˜4 takes the form of G4
calculated in the absence of the gauigino condensation. This is an explicit example of
the localized terms mentioned at the end of section 2.2. A very similar behavior will be
discussed in section 4.3 in the context of the gaugino condensation on the D7-branes.
2.4 Compactification and tadpole supersymmetry breaking
We have outlined the relation with the heterotic M-theory results in the case of non-
compact internal space. In the compact case, it was argued in [25] that the super-
symmetry breaking occurs due to the non-local effects originating from the topological
obstruction for finding global solutions of (2.23).
In our setting we have the very same effect, which follows quite straightforwardly
from (2.22). Indeed, the r.h.s. defines a non-trivial second cohomology class while the
l.h.s. is exact, which is not possible if the internal space is compact. Then, if M is
compact, supersymmetry is naturally broken and one expects the vacuum to destabilize,
probably leading to a runaway behavior. Thus, we have a kind of ‘tadpole supersymmetry
breaking’ of clear topological nature.
However, supersymmetry breaking is not unevitable upon compactification, both in
the heterotic M-theory [25] (see also discussion in [28]), and in the type II case. Say,
there are two stacks of the D5-branes on two isolated but homologous two-cycles D1 and
D2 inside a CY three-fold. We suppose for simplicity that there are no background fluxes
in addition to those sourced by the D5-branes. Then, the equation (2.22) is modified to
dΩ = 2i ℓ6s
[
〈S1〉 δ4D1 + 〈S2〉 δ4D2
]
(2.25)
11
where 〈S1〉 and 〈S2〉 are the gaugino condensates on the two stacks respectively. Since D1
andD2 are homologous, δ
4
D1
and δ4D2 define the same cohomology class and (2.25) can have
a solution if 〈S1〉 = −〈S2〉. This conclusion has a clear four-dimensional interpretation.
The generated low-energy superpotential for the CY Ka¨hler moduli tI would be of the
form Wnp = A1e−bα1(t) + A2e−bα2(t) = c(〈S1〉 + 〈S2〉) and would thus identically vanish
for 〈S1〉 = −〈S2〉.
The topological obstruction for the supersymmetric compactifications may also be
absent for more general configurations of D5-branes. The condition is simply that the
four-form
∑
a〈Sa〉 δ4Da governing the four-dimensional superpotential should be trivial as
a cohomology class. Of course this is just one possible way to preserve supersymmetry
in the case of compact internal space M and flat four-dimensional external space X4.
We expect there should be other ways to preserve supersymmetry in the compact case
without putting Wnp = 0 of shell and allowing X4 =AdS4.
2.5 Relation with holographic geometric transitions
Returning to the non-compact case with N D5-branes wrapping a rigid two-cycle D,
consider the supersymmetry condition (2.22) and compare it with the RR Bianchi identity
dF3 = − ℓ2sN δ4D . (2.26)
The interpretation of (2.26) is that the D5-branes source the F3 flux. There is a similar
interpretation of (2.22). It is simply that the D5-branes, through the IR dynamics,
source the holomorphic (3, 0)-form or equivalently induce a deformation of the complex
structure. This point of view is illustrated by the following example in the context
of the gauge/gravity correspondence. Take the resolved conifold [29] and wrap N D5-
branes on the blown-up two-sphere S2 at the tip. In the large N and near-horizon
limit the backreacted background undergoes a geometric transition [10, 11, 12, 13]. The
D5-branes disappear and the resolved conifold is replaced by a new background which
satisfies the supersymmetry conditions from section 2.1 with no localized sources. The
new background, of course, is the deformed conifold [29]. More explicitly, the original
resolved two-sphere S2 shrinks to zero size while a topologically non-trivial three-sphere
S3 emerges. This transition includes the deformation of the complex structure, i.e. a
deformation of the (3,0)-form Ω of the original CY. The role of the finite radius three-
sphere at the tip of the conifold is two-fold. First, it supports the N units of F3 , which
were originally sourced by the D5-branes according to (2.26). Second, from a purely
holographic point of view, it regularizes the IR region of the geometry and is naturally
associated to a mass gap, chiral symmetry breaking and gaugino condensation in the
dual SYM theory.
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There is a more precise way to relate Ω to the gaugino condensate of the dual gauge
theory. One can compute the tension of a domain wall interpolating between the two
nearby vacua of the dual SU(N) SYM theory. Namely, from the gauge-theory side we
know that the domain wall between the two nearby vacua, in the large N limit, is given
by
TDW = 2|∆Wnp| = 2|Wnp(e 2piiN − 1)| ≃ 4π
N
|Wnp| = 4π|〈S〉| (2.27)
where we have used the on-shell relation
Wnp = N〈S〉 . (2.28)
On the other hand, from the dual supergravity side, such a domain wall is represented
by a D5-brane wrapping the minimal S3 at the tip of the deformed conifold. Since Ω is
the calibration for such a D-brane configuration [30, 31] from the supergravity side we
get
TDW =
2π
ℓ6s
∣∣∣ ∫
S3
Ω
∣∣∣ . (2.29)
Hence, by comparing (2.27) and (2.29) we get∣∣∣ ∫
S3
Ω
∣∣∣ = 2ℓ6s |〈S〉| , (2.30)
which fixes the relation between 〈S〉 and ∫
S3
Ω up to an unphysical overall phase.
Let us see now how this result is related to the interpretation of (2.22) as the deforma-
tion of the complex structure sourced by the D5-branes. Consider N D5-branes wrapping
the blown-up two-sphere of the resolved conifold, i.e. the background before the geometric
transition. We interpret (2.22) as predicting that the D5-branes supporting the gaugino
condensate ‘source’ a deformation of the complex structure with a ‘strength’ proportional
to the gaugino condensate 〈S〉. One can measure the ‘flux’ of sourced complex structure
in the same way one would measure the RR-flux. Let us recall that the geometry at the
bottom of the resolved conifold can be identified with the O(−1) ⊕ O(−1) bundle over
P1 ≃ S2. Then we take a three-sphere S3 which surrounds P1 along a fiber. This S3 is
homologically trivial and indeed one can take a four-ball B4 which stretches along the
fiber and fills S3, i.e. ∂B4 = S
3. B4 intersect P
1 at one point. Then, by integrating (2.22)
on B4 and using Stokes’ theorem on the l.h.s. one arrives at∫
S3
Ω = 2i ℓ6s 〈S〉 . (2.31)
The conclusion is already clear: the non-trivial IR dynamics induces a geometric transi-
tion, in which a topologically trivial S3 of the resolved conifold becomes a topologically
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non-trivial S3 of the deformed conifold. Then, our supergravity-based result (2.31) pre-
cisely matches the holographic result (2.30).
Let us also recall that the explicit solutions described in [10, 13, 32] satisfy the tree-
level supersymmetry conditions with no localized sources. This is a further evidence that,
at least in the D5-brane case, there are no other corrections to the tree-level supersym-
metry conditions besides those described by (2.22).
2.6 A comment on the case of fractional D3-branes
In the above setting with the D5-branes wrapping the resolved conifold, one can consider
the limit when the two-sphere S2 at the tip of the cone is shrunk to the zero size. In
this case the collapsed D5-branes reduce to fractional D3-branes. This is exactly the
setting considered in [3] in the context of the gauge/gravity correspondence. In this case,
because of the conifold singularity, a treatment of the non-pertrubative dynamics on the
D5-branes in terms of supergravity may not be justified. However, it is interesting to see
what happens if we formally follow the steps outlined in the previous section in the case
of the non-collapsed D5-branes.
First, the KS solution [3] is a subcase of the class of vacua considered in [7]. In this
case, the bulk superpotential can be restricted to be the GVW one [33]
W = − π
ℓ8s
∫
M
Ω ∧ (F3 + ie−φH), (2.32)
while the gauge coupling associated to the gaugino condensate onM fractional D3-branes
is
α =
1
ℓ2s
∫
D
(e−φB − iC2 ) . (2.33)
By setting T2 = e−φB − iC2 , we can write α ≡ α(T ) = 1ℓ2s
∫
D
T2 as in the case of the
non-collapsing D5-branes.
Now all the steps followed for the case of the non-collapsing D5-branes can be re-
peated. Namely the equations (2.21) and (2.22) still hold, although now the delta-
function contribution δ4D is not completely well defined as the cycle D is shrunk to a
zero size. Although the zero size cycle may break the supergravity approximation, the
prediction of (2.22) still holds. Namely, as explained in section 2.5 the geometry should
develop a non-trivial three cycle, in full agreement with [3].
Once the geometric transition has undergone, the two-cycle D is the shrinking S2 of
the deformed conifold. Therefore α is the difference of the two coupling constants of the
KS theory [2, 34]. As a result we obtain that the difference τ1 − τ2 should be associated
with the coupling of the SU(M) theory on the D5-branes. One way to check this is
to compare the gaugino condensate of the SU(M) theory, probed by the domain wall
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D5-brane wrapping S3 at the tip of the deformed conifold (2.29), with the expectation of
Tr(λ1λ1−λ2λ2). Both quantities could be calculated using the low-energy superpotential
W (τ1, τ2) [35].
3 The mirror conifold picture: condensing D6-branes
Consider now a mirror type IIA setting in which a stack of D6-branes wraps a rigid
three-cycle Σ ⊂M in the internal space. The D6-brane degrees of freedom reduce at low
energies to a pure four-dimensional SYM theory. The following steps will be practically
identical to those followed in section 2, so we will proceed more quickly.
The string-frame metric has the form
ds2X4 = e
2φ/3ds2X4 + ds
2
M . (3.1)
Without taking into account the gaugino condensate, the internal space has SU(3) struc-
ture, described by the pair (J,Ω). One of the supersymmetry conditions requires the
internal space to be symplectic with the vanishing H-flux (for the complete set of condi-
tions see [16] and references therein)
dJc = 0 (3.2)
where Jc := J − iB is the complexified fundamental two-form. This condition is mirror
to (2.2) for the backgrounds with D5-branes. As in that case one can derive (3.2) from a
superpotential W which depends on the SU(3) (or, in general, SU(3)×SU(3)) structure
of the internal space. Again, one should in principle consider the most general formula
for W given below in (4.28). However, for the current purpose it is sufficient to consider
a truncation to the SU(3)-structure case
W = π
ℓ8s
∫
Jc ∧ [F4 + id(e−φReΩ)] . (3.3)
The relevant ‘chiral field’ now is
T3 := e−φReΩ− iC3 (3.4)
and the associated F-term is
FT3 :=
δW
δT3 = −
iπ
ℓ8s
dJc (no gaugino condensate) (3.5)
so that the F-flatness condition FT3 = 0 is nothing but (3.2).
Let us now consider the effect of the gaugino condensate along the lines of section 2.2.
Since the D6-branes must wrap a special Lagrangian three-cycle Σ [30], by performing
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the expansion as in (2.19) it is easy to see that the holomorphic gauge coupling takes the
form
α ≡ α(T ) = 1
ℓ3s
∫
Σ
(e−φReΩ− iC3 ) ≡ 1
ℓ3s
∫
Σ
T3 . (3.6)
Analogously to (2.21), we now have
FT3 =
δW
δT3 − 2π 〈S〉
δα
δT3 ≡ −
iπ
ℓ8s
dJc +
2π
ℓ3s
〈S〉 δ3Σ (3.7)
which leads to the F-flatness condition
dJc = −2i ℓ5s 〈S〉 δ3Σ . (3.8)
This is the IIA mirror counterpart of (2.22). We then see that the effect of the gaugino
condensation is to make the D6-branes act as a localized “source” of the complexified
symplectic structure. One could also repeat, mutatis mutandis, the discussion of sections
2.3 and section 2.4, reaching the same conclusions.
Finally, a concrete example is provided by the deformed conifold [29] with N D6-
branes wrapping the three-sphere at the tip. This setting was originally discussed in [11]
(see also the uplift to M-theory discussed in [36]). There, it was argued that the low-
energy four-dimensional SYM theory on the D6-branes should be dual to a background
symplectically equivalent to the resolved conifold, with the two-sphere supporting N
units of F2 . Furthermore by computing the tension of a D4-brane domain wall wrapped
on the resolved two-sphere S2, as in section 2.5, and comparing it with the expected
gauge theory result one finds ∣∣∣ ∫
S2
Jc
∣∣∣ = 2 ℓ5s |〈S〉| . (3.9)
This fixes the relation between the fundamental two-form and the gaugino condensate,
up to an unphysical overall constant phase. Repeating the arguments of section 2.5, it is
easy to see that (3.8) also leads to (3.9) with no reference to holography.
4 Condensing D7-branes and generalized complex
deformations
Let us now turn to the case of gaugino condensation localized on a stack of D7-branes. In
absence of a gaugino condensate the backgrounds with the D7-branes are characterized
by an integrable complex (actually, Ka¨hler) structure and a holomorphic axion-dilaton
τ = C0 + ie
−φ. There is a key difference between the D7 case and the cases with the D5
and D6 branes discussed previously. There, the gaugino condensation on a stack of the
D5-branes (D6-branes) deformed the complex (symplectic) structure into a new complex
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(symplectic) structure. As we will explain, a non-vanishing expectation value for the
gaugino condensate on a stack of D7-branes has an effect of deforming the background
complex structure into a generalized complex structure [8].
For this reason it is practically unavoidable to use the explicit formalism of generalized
geometry, from which we have refrained so far. Thus, we will review some basic facts
about the use of generalized geometry in the context of flux compactifications, trying to
introduce them in a self-consistent way. A comprehensive review of this subject, including
a list of references, can be found in [37].
4.1 Intermezzo I: N = 1 vacua and generalized geometry
We start with the IIA/IIB backgrounds of the formX10 = X4×M , with a string-frame
metric
ds2X10 = e
2Adxµdxµ + dsˆ
2
M , (4.1)
general dilaton φ, H-flux (which can be locally written as H = dB) and internal RR-
fluxes
F =
∑
k
Fk k =
{
0 , 2 , 4 , 6 IIA
1 , 3 , 5 IIB
(4.2)
Locally, away from localized sources, we can write F = dHC, where C =
∑
k Ck (k
odd/even in IIA/IIB) is the RR potential.7 For future convenience, we have decided
to denote the string-frame internal metric with dsˆ2M . This notational choice is due to
the possible existence of a more natural metric ds2M , conformally related to dsˆ
2
M . In the
following, we will distinguish quantities involving the complete string-frame metric with a
hat .ˆ For instance, by ∗ˆ we will mean the six-dimensional Hodge-start operator computed
with dsˆ2M . Hence the symbol ∗ will be reserved for the Hodge-operator computed using
the conformally-rescaled internal metric ds2M .
Now, a key point is that the complete information about dsˆ2M , φ, e
A, B-field and
two arbitrary normalized chiral spinors in six dimensions η1,2 (with equal norm η
†
1η1 =
η†2η2 =: |a|2) can be encoded in two complex polyforms Z and T , defined by the Clifford
map as follows8
e−B ∧ Z ↔ − 8i|a|2 e
3A−φη1 ⊗ ηT2 , e−B ∧ T ↔ −
8i
|a|2 e
−φη1 ⊗ η†2 , (4.3)
where
eB∧ := (1 +B + 1
2
B ∧ B + 1
3!
B ∧B ∧B) ∧ . (4.4)
7More precisely, in IIA with F0 6= 0, one has F = e−BF0 + dHC.
8The Clifford map is one-to-one map between a polyform ω =
∑
k
ωk on M and the matrix with
spinorial indices /ω :=
∑
k
1
k !
ωm1...mkγ
m1 · · · γmk .
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For a reason which will becomes obvious in a moment we choose η1, η2 to be of opposite
chirality in case of IIA and the same chirality in case of IIB theory. Then Z is even/odd
and T is odd/even respectively:
IIA:
{ Z = Z0 + Z2 + Z4 + Z6
T = T1 + T3 + T5
, IIB:
{ Z = Z1 + Z3 + Z5
T = T0 + T2 + T4 + T6
, (4.5)
Defined as in (4.3), Z and T turn out to be pure spinors of the TM ⊕ T ∗M bundle and
obey a compatibility condition9 (see e.g. [37] for more details)
〈ιvZ, T 〉 = 〈ιvZ¯, T 〉 = 0 , ∀ v ∈ TM ,
〈χ ∧ Z, T 〉 = 〈χ ∧ Z¯, T 〉 = 0 , ∀ χ ∈ T ∗M . (4.6)
Here we used the Mukai pairing defined for the two arbitrary polyforms Z, T
〈Z, T 〉 = [Z ∧ σ(T )]6 (4.7)
and σ is the involutive operator that reverses sign in front of some forms σ(ωk) =
(−) k(k−1)2 ωk. Basically, σ reverses the order of the indices
σ(dym1 ∧ . . . ∧ dymk) = dymk ∧ . . . ∧ dym1 . (4.8)
The conditions (4.6) are not only necessary but sufficient. If we take a pair of pure
spinors Z,T on TM ⊕ T ∗M such that (4.6) is satisfied, then there are η1,2, metric, B field,
dilaton and warping such that Z and T can be written in the form (4.3).
Now, if the background respects supersymmetry the spinors η1,2 can be identified with
internal components of the ten-dimensional Killing spinors
ǫ1 = ζ ⊗ η1 + c.c. , ǫ2 = ζ ⊗ η2 + c.c. (4.9)
where ǫ1,2 are the MW spinors in ten-dimensions and ζ is an arbitrary constant Weyl
spinor in four dimensions. Since Z and T contain full information about g, φ, B, A and
η1,2 the SUSY conditions can be written in terms of these two objects, with only RR-fields
F as external ingredients. Indeed, it has been shown in [38] that, for Minkowski X4, the
background supersymmetry conditions can be rewritten in the form
dZ = 0 , (4.10a)
d(e2AImT ) = 0 , (4.10b)
d(e4AReT ) = e4AeB ∧ ∗ˆ σ(F ) . (4.10c)
9Technically speaking, the conditions (4.6) are equivalent to demanding that Z and T define an
SU(3)× SU(3)-structure on TM ⊕ T ∗M , which can be in turn associated to the existence of the two
internal spinors η1,2, each defining an SU(3) structure on TM .
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It is important to stress that (4.10a) implies thatM has an integrable generalized complex
structure defined by Z. Roughly speaking, this is equivalent to the definition, on local
patches, of hybrid complex-symplectic coordinates.
For the following, it is important to observe that (4.10c) can be written in the alter-
native form
d(e4AReT ) = eB ∧ F˜ . (4.11)
where F˜ is the polyform containing the RR-fluxes dual to F , according to the relation
d4x ∧ F˜ = ∗10σ(F ), i.e.
F˜ = e4A ∗ˆ σ(F ) . (4.12)
Because F˜ is dH -closed we can locally write F˜ = dHC˜ and it is the combination d
4x∧ C˜
that couples electrically to the space-filling D-branes and O-planes. A crucial observation
is that (4.11) admits an interpretation as a condition for e4AReT to be a calibration for
the space-filling D-branes [30]. The calibration structure guarantees classical stability of
branes. Hence we regard the form (4.11) to be more fundamental than (4.10c). Of course,
for purely bosonic backgrounds the two conditions are completely equivalent. However, as
we will see, this will no longer be the case in the presence of the non-vanishing gaugino
condensates. Indeed, a similar phenomenon occurs in the case of the heterotic string
backgrounds [39].
In addition to SUSY constraints (4.10a-4.10c) one needs to impose the BI for the H-
flux, dH = 0, and for the internal RR-fluxes F (or, equivalently, the equation of motion
for F˜ ). The latter can be written in a compact polyform notations
dHF ≡ dF +H ∧ F = −e−B ∧ j (4.13)
where j contains the RR localized sources
j ≡ jD + jO :=
∑
a∈Dp-branes
ℓ7−ps σ(δ
9−p
Da
) ∧ e−2πα′Fa −
∑
b∈Oq-planes
2q−5ℓ7−qs σ(δ
9−q
Ob
) . (4.14)
In (4.14), Da are the cycles wrapped by the D-branes, Ob are the ones wrapped by the
orientifolds and Fa is the gauge flux supported on Da.
10 In the presence of the orien-
tifolds, M has to be considered as the covering space. Furthermore, in order to preserve
supersymmetry the localized sources have to satisfy the proper calibration conditions.
The equations of motion for the internal RR-fluxes F ,
dHF˜ = dH [e
4A ∗ˆσ(F )] = 0 (4.15)
10For simplicity, we do not include curvature corrections. Moreover our notations assume only U(1)-
bundles supported on Da. This can be generalized to the non-abelian bundle configurations.
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follow from the supersymmetry condition (4.10c) due to d2H = 0. The equation of motion
for the H-field
d(e4A−2φ ∗ˆH)− e4A
∑
k
∗ˆFk+2 ∧ Fk = −
[
e4AReT ∧ σ(jD) ∧ eB
]
4
(4.16)
follows from the supersymmetry conditions as well [40].
As an illustration, let us revisit the case with the D5-branes discussed in section 2.
In this case the metric is of the form (2.1), hence we can identify dsˆ2M with ds
2
M and
e2A = eφ. The pure spinors take the form
Z = Ω
T = −ie−φeiJ+B backgrounds with D5-branes (4.17)
On the other hand, for the classical backgrounds with the D6-branes of section 3, we
identify dsˆ2M from (4.1) with ds
2
M in (3.1) and set e
A = eφ/3. The on-shell pure spinors
are
Z = eiJ+B
T = e−φΩ
backgrounds with D6-branes (4.18)
In both cases the pair (Ω, J) defines the SU(3)-structure and satisfies the normalization
condition
− i
8
ekφΩ ∧ Ω¯ = 1
3!
J ∧ J ∧ J = volM . (4.19)
where volM = d
6y
√
det gM and k = −1 for the D5-brane and k = 0 for the D6-brane
background.
With the choice (4.17), the condition (4.10a) implies the integrability of the almost
complex structure defined by Z ≡ Ω. On the other hand, in the case of (4.18) the
condition (4.10a) implies the existence of a symplectic structure defined by J . This is
exactly what we saw in sections 2 and 3.
4.2 Unperturbed backgrounds with D7-branes
After the machinery of generalized geometry is introduced we are back to the backgrounds
with the D7-branes (and possibly the O7-planes). In what follows we assume that there
is no localized D3-brane charge,11 O3-branes or non-trivial five-form as well as the 3-form
fluxes, unless specified.
The ten-dimensional space is a product X10 = X4 × M of the four-dimensional
Minkowski space X4 and the internal six-dimensional space M . The D7-branes (and
11This also means that we set to zero the world-volume fluxes on the D7-branes. Moreover, we neglect
possible D3-brane charge induced on the D7-branes by the curvature terms.
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possibly the O7-planes) filling X4 are wrapping some internal four-cycles Da. In the
string frame, the metric takes the following form
ds2X10 = e
φ/2 (dxµdxµ + ds
2
M) (4.20)
where the dilaton φ depends only on the coordinates along M . Hence in this case the
internal metric is dsˆ2M = e
φ/2ds2M and the warping is e
A = eφ/4. There is no RR or H-flux
and the pure-spinors have the form
ZF-th = Ω
TF-th = e
−φ exp(i eφ/2J)
(backgrounds with D7-branes) (4.21)
where the suffix “F-th” indicates explicitly that we are working with the F-theory-like
backgrounds, i.e. backgrounds with a holomorphic axion-dilaton which admit a super-
gravity description. In (4.21) the pair (Ω, J) defines an SU(3)-structure associated to the
metric ds2M , and are normalized as follows
− ie
−φ
8
Ω ∧ Ω¯ = 1
3!
J ∧ J ∧ J = volM . (4.22)
Here volM = d
6y
√
det gM is the volume form computed with the metric ds
2
M . From
these restrictions and general conditions reviewed in section 4.1, it is possible to derive
the remaining properties of these backgrounds. The supersymmetry condition (4.10a)
implies that ZF-th defines an integrable complex structure. The metric ds2M in (4.20) is
Ka¨hler, with Ka¨hler form J and the holomorphic (3, 0)-form Ω. The dilaton φ combines
with the RR zero form C0 into a holomorphic axion-dilaton τ := C0 + ie
−φ
∂¯τ = 0 , ∂¯ := dz¯ ı¯ ∧ ∂¯ı¯ . (4.23)
The D7-branes and the O7-planes act as the localized source
j = −
∑
a∈D7-branes
δ2Da + 4
∑
b∈O7-planes
δ2Ob . (4.24)
in the Bianchi identity for F1 = dC0
dF1 = 2i∂∂¯e
−φ = ∂¯∂τ = −j . (4.25)
Furthermore, the metric ds2M satisfies the Einstein equation
Ri¯ = ∇i∇¯¯ φ . (4.26)
Here, and in what follows xµ (µ = 0, . . . , 3) are the coordinates along X4, y
m (m =
1, . . . , 6) are the real coordinates along the internal space M , and zi (i=1,2,3) are the
complex coordinates on M . Eventually the holomorphic (3, 0) form Ω satisfies the fol-
lowing equations
∇¯ı¯Ω = 0 , ∇iΩ = (∇iφ) Ω . (4.27)
Clearly, when τ is constant the internal Ka¨hler metric ds2M is Ricci flat and one recovers
the standard case of the Calabi-Yau manifold M .
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4.3 Gaugino condensation and generalized geometry
We would like to study the effect of gaugino condensation on a stack of D7-branes. To
engineer a D-brane configuration which exhibits such a behavior in the IR is not as
straightforward as in the cases with the D5 and D6 branes. The consistent configura-
tions of D7-branes wrapping compact divisors are subject to constraints coming from
tadpole cancelation conditions (see e.g. [41] and the recent discussion in [42]). Hence
one has to consider a combination of (intersecting) the D7-branes and the O7-planes.
The intersections generically alleviate the topological obstructions but also give rise to
light fields prone to complicate the low-energy dynamics. However, in a general case one
can turn on fluxes through the intersection, uplifting the massless modes. The resulting
low-energy theory on a given divisor is SYM with some massive matter. In the following,
we will simply assume that gaugino condensation does indeed occur, without specifying
any details about its dynamical origin.
We will see shortly that the gaugino condensate on D7-branes will change the super-
symmetry condition in such a way that it can not be solved by ZF-th associated with the
ordinary complex structure given by (4.21). Rather it will be deformed into a new Z
associated with a genuine generalized complex structure. Therefore we go back to the
most general setting of section 4.1, and re-derive how the F-flatness condition (4.10c)
is modified by a gaugino condensate on a stack of the D-branes [8], but along the lines
followed in sections 2 and 3.
4.4 Intermezzo II: 〈S〉-deformed condition for Z, in general
As argued in [8], the general IIA/IIB classical supersymmetry conditions (4.10) can be
obtained from the superpotential
W = π
ℓ8s
∫
M
〈Z, F tw + idReT 〉 (4.28)
where we introduced the twisted RR-fields
F tw := eB ∧ F ⇒ dF tw = −j . (4.29)
The reader can check that by plugging (4.17) and (4.18) into (4.28) one gets (2.5) and
(3.3), up to unimportant overall constant phases, which can be reabsorbed into a defini-
tion of Z.
The condition (4.10a) is obtained by extremizing W with respect to the ‘chiral field’
T := ReT − iCtw , (4.30)
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where Ctw is locally defined by F tw = dCtw. Indeed, the associated F-term is12
FT = δW
δT =
iπ
ℓ8s
dZ (no gaugino condensate) (4.31)
where we have introduced the functional derivative defined through the Mukai pairing:
δTW =
∫
M
〈 δW
δT
, δT 〉. The F-flatness condition is simply FT = 0 which immediately
reproduces (4.10a). The remaining conditions in (4.10), including their extension to the
AdS case, can be also derived from W using an appropriate Ka¨hler potential.
Let us now add a gaugino condensate on a stack of supersymmetric Dp-branes, work-
ing in approximation of local model, i.e. in the case of non-compact M , as in sections
2 and 3. One can repeat the steps of section 2.2 almost verbatim. By using the fact
that the Dp-branes preserve supersymmetry and must be calibrated, the associated four-
dimensional complexified coupling constant obtained by dimensional reduction of the
Dp-brane action wrapping a cycle D, possibly supporting a world-volume flux F, is
α(T ) = 1
ℓp−3s
∫
D
T ∧ e2πα′F ≡ 1
ℓ4s
∫
M
〈 T , jnp〉 (4.32)
with jnp = ℓ
7−p
s σ(δ
(9−p)
D ) ∧ exp(−2πα′F). The difference between jnp and j defined in
(4.14) is that j includes all D7 (and O7) branes while jnp only includes those with the
non-trivial gaugino condensate. By adapting (2.16) to the present setting one gets the
following general expression for the F-term in the presence of the gaugino condensate
FT = δW
δT − 2π 〈S〉
δα
δT ≡
iπ
ℓ8s
dZ + 2π
ℓ4s
〈S〉 jnp . (4.33)
This is a generalization of (2.21) and (3.7). Then, from the F-flatness condition FT = 0
one obtains the following modification of the supersymmetry condition (4.10a)
dZ = 2i ℓ4s 〈S〉 jnp . (4.34)
Equation (4.34) was first obtained in [8], following a formally equivalent but concep-
tually different derivation, by modifying the tree-level superpotential (4.28) by adding a
non-perturbative superpotential depending on T . The form of this non-perturbatively
generated superpotential was guessed based on the form of superpotential in the four-
dimensional theory. On the other hand, the logic followed here is completely ten-
dimensional. Our results are manifestly independent of the details of the effective four-
dimensional theory.
12See [8] for the precise definition of complex structure on the T field space, which is implicit in the
definition of the F-term.
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4.5 Back to D7-branes with 〈S〉 6= 0
We are now ready to understand the main difference between the case of condensing
D7-branes and the previously discussed cases with D5 and D6-branes. Suppose there
is a stack of the condensing D7-branes, wrapping a four-cycle D with the vanishing
world-volume flux F. In this case (4.34) reads
dZ = −2i ℓ4s 〈S〉 δ2D (D7-branes with 〈S〉 6= 0) (4.35)
It is now clear that (4.21) is not compatible with (4.35), and Z must necessarily have a
one-form contribution Z = Z1+Z3 , with Z1 6= 0. This implies that Z defines a genuinely
generalized complex structure. Thus, the gaugino condensate on the D7-branes catalyzes
a deformation outside the realm of ordinary complex geometry. This was one of the main
results following from the equation (4.35).
The fate of the remaining supersymmetry conditions (4.10b) and (4.10c) was not
clarified in [8]. The derivation above suggests that they should be unmodified. However,
this conclusion could be too naive and may not take into account a possible subtlety
related to the presence of the RR-fluxes in the superpotential (4.28). Indeed, experience
with the heterotic M-theory [25] tell us that, in the presence of the gaugino condensate the
flux appearing in the equations of motion and the supersymmetry conditions naturally
combine with a singular form proportional to the gaugino condensate and localized on the
defect where the nonperturbative effect is taking place (see also [24, 26] for the weakly-
coupled heterotic counterpart of this effect). This was already mentioned in section 2.3.
Similarly in our case it is natural to allow for a possible correction to the fluxes of the
schematic form
(flux) −→ (flux) + 〈S〉 × (localized term) . (4.36)
This issues will be considered in detail in the following section, where we also clarify the
relation with related observations of [9].
5 Condensing D7-brane back-reaction: First order
deformation
We now address the problem of identifying the supersymmetric solution that represents
the backreaction of the gaugino condensate 〈S〉 6= 0 on the D7-branes wrapping the cycle
D. Besides the D7-branes on D we assume that there are other D7-branes, indicating
with {Da} the complete set of wrapped divisors. For simplicity we assume there are no
O7-planes in the set-up. The case with the O7-planes will be discussed in the end of the
section (5.2).
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The equation (4.35) admits an exact solution
Z = θ + Ω (5.1)
where θ is a (1, 0)-form subject to the conditions
∂θ = 0 , ∂¯θ = −2i ℓ4s 〈S〉 δ2D . (5.2)
As a consequence, the divergence of θ is given by a delta-like term, localized on D
∇mθm = −2 ℓ4s 〈S〉 δ(0)D . (5.3)
Here
δ
(0)
D = −igij¯δ2D ij¯ , (5.4)
is a scalar delta-function localized on D.
The first condition in (5.2) can be locally integrated by
θ = −ℓ
4
s
π
∂w , (5.5)
where a holomorphic w can be identified with the superpotential experienced by a probe
D3-brane [43]. As we will see later, such an identification is completely consistent with
the form of the D3-brane superpotential from the IASD fluxes discussed in [9]. Now,
the second condition in (5.2) written in a local patch becomes ∂¯∂w = 2πi 〈S〉 δ2D. This
equation can be immediately integrated using the Poincare´-Lelong lemma (see e.g. [44])
w(z) = 〈S〉 log h(z) + w0 (5.6)
where h(z) is the holomorphic section of the divisor line bundle LD that definesD through
the equation h(z)|D = 0, and w0 plays the role of the integration constant.
Having solved (4.35), we now turn to consider the remaining supersymmetry condi-
tions. In the absence of a gaugino condensate, they are given by (4.10b) and (4.10c).
In section (4.1) we introduced the alternative form (4.11) of (4.10c) that has a simple
physical interpretation in terms of the calibration condition. We regard this form as the
more fundamental and impose the following two supersymmetry conditions
d(e2AImT ) = 0 (Condition II) (5.7a)
d(e4AReT ) = eB ∧ F˜ (Condition III) (5.7b)
We will see that when 〈S〉 6= 0, (5.7b) is in fact not equivalent to (4.10c).
In the following we will look for a perturbative solution of the supersymmetry equa-
tions deformed by the effect of the gaugino condensate, with 〈S〉 playing the role of the
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expansion parameter. For instance, this should be natural for small bare ‘t Hooft cou-
pling on the condensing D7-brane. We then expand the pure spinors in powers of 〈S〉
(not to be confused with the rank expansion (4.5))
Z = Z0 + Z1 + . . . (5.8a)
T = T 0 + T 1 + . . . (5.8b)
where we identify Z0 and T 0 with ZF-th and TF-th of (4.21), while Z1 and T 1 are first-
order in 〈S〉. We have already provided above an expression for Z which is first order
in 〈S〉 and solves the condition (4.35) exactly. We then need to consider T and the
remaining conditions (5.7a,5.7b).
5.1 First step: supersymmetry condition II
So far we have a deformation of Z (5.1) that solves (4.35).We now ask if and how it is
possible to deform the other pure spinor T such that it is compatible with Z (4.6) and
satisfies the remaining conditions. In particular, in this section we focus our attention
on (5.7a). As we now show, there is a simple way to identify such a deformation.13
In order to proceed, it is convenient to recast (5.1) as the result of the so called
holomorphic β-deformation of Z0 ≡ Ω. It is described by a real bivector
β = β2,0 + β0,2 =
1
2
βij(z)
∂
∂zi
∧ ∂
∂zj
+ c.c. (5.9)
whose (2, 0)-component β2,0(z) is holomorphic. The action of β on a spinor can be written
as eιβ . In particular
Z = eιβZ0 = ιβΩ + Ω , (5.10)
where ιβΩ :=
1
2
βmnΩmnpdy
p = 1
2
βijΩijkdz
k. By comparing (5.10) and (5.1), we see that
β is completely determined by
ιβΩ = θ . (5.11)
Notice that such β2,0 with θ satisfying (5.2) automatically defines a holomorphic Poisson
structure, βi[j∂iβ
lk] = 0.
Now, the very same β-deformation can be applied to the pure spinor T 0 ≡ TF-th to
produce a new pure spinor T , which will be automatically compatible with Z. For the
time being, we work to first order in 〈S〉 i.e. in β. A discussion of higher order effects of
13Of course, there could be other deformations of T 0 into T , but they should correspond to the ordinary
classical deformations of the original background not related to the non-perturbative effect.
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the β-deformation can be found in appendix B. At first order the β-deformed T is given
by
T = T 0 + ιβT
0 . (5.12)
Recall that the pair Z and T specify the complete information about the internal metric
g, the B field, dilaton φ and the warp factor eA. By direct inspection of (5.10) and (5.12),
it turns out that the metric, the dilaton and the warp factor are unmodified. Only the
B-field is deformed as follows
B = gˆ0 β gˆ0 =
eφ
2
ιβ(J ∧ J) = 1
4
Re(θ¯yΩ) (5.13)
with θ¯yΩ ≡ θ¯mιmΩ. The direct derivation of this result is somewhat technical; some
details of this calculation can be found in the appendix B. From (5.13) one can easily
find the following explicit expression for the H-field
H =
1
4
Re(∂¯θ¯m ∧ ιmΩ) + 1
4
Re
[
(∂mφ)θ¯
mΩ
]
+
1
4
Re[∇mθ¯mΩ] . (5.14)
Coming back to (5.7a), we need the following first order identity
e2AImT = eφ/2ImT 0 − 1
3!
eφιβ(J ∧ J ∧ J) + . . .
= (J − e
φ
3!
J ∧ J ∧ J) + i
8
ιβ(Ω ∧ Ω¯) + . . .
= (J +
i
8
Ω ∧ Ω¯) + 1
4
Im(θ¯ ∧ Ω) + . . . , (5.15)
It is now easy to see that (5.7a) is indeed satisfied because of dΩ = 0 and ∂θ = 0.
It now remains to discuss (5.7b). In order to clarify its meaning, we have to understand
how the gaugino condensate modifies the duality relation (4.12). We focus on this problem
in the next section.
5.2 Second step: supersymmetry condition III and flux duality
Now we use the condition (5.7b) to define F˜ . Obviously this will guarantee that (5.7b)
is satisfied. From
ReT = e−φ− 1
2
ιβ(J ∧ J)− 1
2
J ∧ J + . . . = e−φ − 1
4
e−φRe(θ¯yΩ)− 1
2
J ∧ J + . . . (5.16)
and using (5.13), it is easy to see that, to first order in β, (5.7b) implies
F˜1 = 0 , (5.17a)
F˜3 = −H , (5.17b)
F˜5 = −e
φ
2
dφ ∧ J ∧ J . (5.17c)
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Our next step would be to calculate F . We can not use (4.12) because, as was mentioned
earlier we expect the relation between F and F˜ is modified by the local terms proportional
to 〈S〉 6= 0. To find the correct relation one has to look at the full action in the bulk
modified by the local terms on the D7-branes. It turns out that the original relations
F˜1 = ∗F5 and F˜5 = e2φ∗F1 are unmodified. Hence F5 = 0 and the axion-dilaton remains
unchanged, i.e. τ is holomorphic and completely specified by (4.25). On the other hand,
the relation between F3 and F˜3 to be modified by the coupling between the three-form
fluxes and the gaugino bilinear in the D-brane action. The precise form of this term is
calculated in appendix A by an accurate dimensional reduction of the D-brane fermionic
action [45] (see also [46, 47] for previous studies)
SfermD7 = −
i π
2ℓ4s
∫
X4
d4x
√−g4 〈S¯〉
∫
D
(G3 · Ω) J ∧ J + c.c. + . . . (5.18)
The relevant terms in the action are
L′ = 2π
ℓ8s
∫
M
{
− 1
2
eφ ∗ F3 ∧ F3 + Re[ℓ4s〈S¯〉δ(0)D Ω] ∧ F3 + C˜2 ∧ (dF3 + . . .)
}
. (5.19)
Here the first and the last terms are the usual action in the bulk and the second term
comes from (5.18).
The last term in (5.19) defines C˜2 as the Lagrange multiplier in front of the BI for the
RR three-form dF3 + . . . = 0. In this action we consider C˜2 and F3 as the independent
dynamical fields. Thus the equation of motion for C˜2 is the BI for F3 while the equation
of motion for F3 provides the definition of F˜3 ≡ dC˜2 – the relation we are looking for
F˜3 ≡ dC˜2 = −eφ ∗ F3 + Re[ℓ4s〈S¯〉δ(0)D Ω] . (5.20)
While the first term−eφ∗F3 is coming from (4.12) the second localized term Re[ℓ4s〈S¯〉δ(0)D Ω]
is the extra local contribution we advertised above.
With help of (5.3) this equation can be easily solved, yielding
F3 = −e−φ ∗H + 1
2
Im
[
e−φ (∇mθ¯m) Ω] = (5.21)
= −1
4
e−φIm(∂θm ∧ ιmΩ¯)− 1
4
e−φIm
[
(∂mφ)θ¯
mΩ
]
+
1
4
e−φ Im[(∇mθ¯m)Ω] .
Together with (5.14) this can be combined into the complex three-form
G3 ≡ F3 + ie−φH = i
4
e−φ∂θm ∧ ιmΩ¯ + i
4
e−φ(∇mφ) θ¯mΩ+ i
4
e−φ(∇mθm) Ω¯ . (5.22)
Notice that the first two terms are IASD and have the same structure as the IASD field
found in [9], while the last term is ISD and completely localized on D. Of course this is
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not a coincidence. The relation between our results and findings of [9] will be explained
in section 6.
The equations of motion for G3 follows from the supersymmetry conditions and there-
fore we can be sure that they are satisfied (although we will check this in a moment).
The biggest challenge is the BI
dF3 +H ∧ F1 +B ∧
∑
a
δ2Da = 0 (5.23)
which does not follow from the supersymmetry conditions. Since the beta-deformation
completely fixes G3 there are no degrees of freedom we can adjust to satisfy the Bianchi
identity. Luckily the identity (5.23) is satisfied by (5.22). Unfortunately this is not the
case already at the second order in β as explained in appendix B.
As a last step we would like to check explicitly that the equations of motion are
satisfied. The equation of motion for F3 is nothing but the condition dF˜3 = 0
d(eφ ∗ F3 ) = dRe
(
ℓ4s〈S¯〉δ0Ω
)
. (5.24)
The equation of motion for B (4.16) does not follow from the supersymmetry conditions
so easily. Of course we can obtain it just by varying the action with respect to B. Keep in
mind that in addition to the conventional terms in the bulk the full action also includes
the local term on the D7-branes
− 2π
ℓ8s
∑
a
∫
M
eφReT4 ∧ δ2Da . (5.25)
This is nothing but the DBI action of the D7-branes. It depends on B and therefore
gives a localized contribution to (4.16). Although eφReT4 (where index 4 means we a
picking the four-form) is the value of the DBI action on shell, in fact, varying eφReT4
with respect to B using (4.3) (which implies that δT = δB ∧T ) would produce the same
result as the conventional DBI action. We do not need to add the CS term because in our
formalism the equations for F (4.15) and B (4.16) do not have the terms proportional to
the BI. As a result we have
d(e−φ ∗H)− eφ ∗ F3 ∧ F1 −B ∧
∑
a
δ2Da + e
−φdIm(ℓ4s〈S¯〉δ(0)D Ω) = 0 . (5.26)
This equation is different from (4.16) only by the last term which comes from the coupling
of the gaugino bilinear to the three-form flux (5.18).
To make the connection with the conventional supergravity EOMwe combine (5.24,5.26)
and (5.23) into
1
2
[
dΛ + ∂φ ∧ (Λ + Λ)] = e−φd(ℓ4s〈S〉 δ(0)D Ω¯)+ 2iB ∧∑
a
δ2Da , (5.27)
Λ = 2G−, G− ≡ (∗G3 − iG3) . (5.28)
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This equation would follow from the conventional supergravity action corrected by the
local term (5.18) and the DBI+CS action of the D7-branes. In the last term of (5.27) we
also assumed that B as given by (5.13) is of (2, 0)+(0, 2) type and hence the contribution
of the DBI and CS terms are equal to each other, since ∗4B +B = 2B.
To check that (5.27) is satisfied it is helpful to notice that the first term in the r.h.s.
of (5.27) is localized on the stack of the D7-branes where the gaugino condensate is
taking place, while the second term is localized on all D7-branes present. Indeed the first
term will be balanced by the singularity of θ, while the second term is balanced by the
singularity of the dilaton. This can be checked straightforwardly using (5.3) and (4.25).
Many useful details can also be found in [9].
Similarly, the BI (5.23) can be rewritten as
dG3 + ∂φ ∧ (G3 −G3 ) +B ∧
∑
a
δ2Da = 0 . (5.29)
Using the formal similarity between (5.29) and (5.27) and between G3 and Λ, to check
(5.29) one only has to show that the external derivative of the ISD part of G3 (the last
term in (5.22)), taken assuming the dilaton is constant, is equal to i
4
e−φdIm(ℓ4s〈S¯〉δ(0)D Ω).
This identity immediately follows from (5.3).
Eventually we notice that the the D7-branes remain supersymmetric in the new back-
ground with no world-volume gauge field turned on, despite the presence of (2, 0)+(0, 2)
B-field in the bulk. To see this, we use the supersymmetry conditions written in terms
of the pure spinors Z, T [30, 43]:
[(ιXZ)|Da ]4 = 0 ∀X ∈ TM , [Z|Da ]3 = 0 , [ImT |Da]4 = 0 . (5.30)
What happens if we add the O7-branes into the picture? The BI for the axion-dilaton
(4.25) will now take the form
dF1 =
(∑
a
δ2Da − 4
∑
b
δ2Ob
)
, (5.31)
and therefore the delta-function contributions coming from the singularity of dilaton in
(5.23,5.26,5.27,5.29) will change accordingly. Similarly the localized terms B ∧∑a δ2Da
in the Bianchi identity (5.23,5.29) will be modified into
B ∧
(∑
a
δ2Da − 4
∑
b
δ2Ob
)
. (5.32)
Hence the BI still will be satisfied by (5.22). At the same time the localized terms
B ∧∑a δ2Da in the equation of motion (5.26,5.27) will remain the same. Naively this
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means that in the presence of the O7-planes the three-form flux G3 (5.22) will not solve
the equations of motion due to the unbalanced terms of the form
B ∧
∑
b
δ2Ob . (5.33)
In fact these terms will vanish because the B-field must be odd on the O7-plane and
hence the pullback of B on Ob is zero. The only tricky case here is when B is singular
on Ob. This can happen if the O7-plane is accompanied by some D7-branes with the
gaugino condensate on it. Then the resulting B, locally, is given by (5.13). Clearly such
B is odd under the reflection in the direction orthogonal to D. To regularize (5.33) we
need to move the D7-branes away from the O7-plane by a small distance ǫ and consider
the two copies of the D7-brane stack located on both sides of the O7-plane. Now the
relevant term from (5.33) will look like (B+ +B−) ∧ δ2O where B± = B(±ǫ) is the value
of B on the two stacks of D7s. Clearly B± = −B∓ in the directions along O and in the
limit when ǫ goes to zero (5.33) vanishes. Eventually we conclude that (5.22) is universal
and that it describes the linear deformation of the background when both the D7-branes
and the O7-planes are present.
5.3 The backreaction of condensing D7-branes: a summary
This concludes our description of the supersymmetric background deformation induced
by gaugino condensation on D7-branes, up to first order in 〈S〉. In summary, the gaugino
condensate has the effect of deforming the supersymmetry of the background in a way
which corresponds to the generalized deformation of the classical complex structure.
This is encoded in the non-vanishing Z1 6= 0 in (5.1). This implies that the associated
generalized complex structure J : TM ⊕ T ∗M → TM ⊕ T ∗M has the form
J =
( −I −(Iβ + βIT )
0 IT
)
(5.34)
where I ≡ Imn is the ordinary complex structure of the undeformed space and β =
β2,0 + β0,2 is specified by (5.11). J is integrable everywhere, except for D, and it is a
genuine generalized complex structure because of the non-vanishing off-diagonal term in
(5.34).
Besides the deformation of the integrable structure, the presence of 〈S〉 gives rise to
the G3 -flux (5.22), which contains a bulk IASD component and a localized ISD compo-
nent. On the other hand, metric, dilaton and warping are unmodified to first order.
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6 Condensing D7-branes and the D3-brane superpo-
tential
The generalized complex structure associated with the deformation of Z1 6= 0 in the
presence of 〈S〉 6= 0 has a simple physical interpretation in the presence of D3-branes. It
is well known that D3-branes affect the non-perturbative superpotentialWnp generated by
condensing D7-branes [14, 15] and therefore experience a force. Hence the D3-branes are
not compatible with the supersymmetry of the background because of the non-vanishing
F-terms. This can only happen when the manifold is not a classical CY but a generalized
one. In our formalism the relation between the deformation of the complex structure
Z1 ≡ − ℓ4sπ dw and the force on the D3-branes is straightforward: w is the superpotential
of the theory on a probe D3-brane [43]. This same conclusion can be reached based by
analyzing the force on the probe D3-brane in the background with the IASD flux (5.22)
[9].
Since D3-branes source a non-trivial warping, in order to properly address this ques-
tion we modify the discussion of the section (5) by introducing a non-trivial warping into
the story. Although the full analysis is beyond the scope of this paper, the main points
are as follows.
First, we start with more general GKP backgrounds [7], which include a non-trivial
warping e4AE (index E stands for Euclidean frame), ISD G3 and F5 fluxes. In this case
the string frame metric has the form
ds2 = eφ/2
(
e2AEdxµdxµ + e
−2AEds2M
)
. (6.1)
This is different from (4.20) by the non-trivial factors e2AE . The internal metric ds2M
and the axion-dilaton are the same as in the unwarped case of section 4.2. There is also
a RR five-form flux F5 = ∗de−4AE . The pure spinor Z for this vacua still takes the form
(4.21).
If we now include the effect of the gaugino condensate on the D7-branes, repeating
the argument that lead us to (4.35), we still get the deformation
dZ1 = −2i ℓ4s 〈S〉 δ2D . (6.2)
The solution Z1 = θ is the same with θ given by (5.5) and (5.6). Hence the superpotential
w for the D3-brane remains unmodified. In [9] this superpotential was found to be related
to the IASD flux of the form (compare with (5.22))
Λ ≡ 2e4AE(∗G3 − iG3 ) = e−φ∂θm ∧ ιmΩ¯ + e−φ(∇mφ) θ¯mΩ . (6.3)
Let us emphasize here that (6.3) does not specify G3 completely, but only its IASD part.
The same combination Λ is the only part of the 3-flux constrained by the equation of
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motion. A simple generalization of (5.27) to the case with warping gives
1
2
[
dΛ + ∂φ ∧ (Λ + Λ)] = e−φd(ℓ4s〈S 〉δ(0)D Ω¯)+ iℓ8s2π
∑
a
δSD7
δB
∧ δ2Da . (6.4)
This equation is solved by (6.3) provided the local terms
∑
a
δSD7
δB
∧δ2Da are balanced by the
appropriate behavior of the flux and the axion-dilaton at the locations of the D7-branes
Da. This relation together with the BI should fix the ISD part of G3 . Alternatively one
can find it by solving the supersymmetry conditions (5.7a,5.7b) similarly to the case of
trivial warping e4AE = 1 considered in this paper. To complete (6.3) to the full solution
is an interesting problem for the future.
The explicit expression for w can be used to determine the dependence on the mobile
D3-branes of the non-perturbative superpotential Wnp generated by the condensing D7-
branes. Given w, we can find Wnp by matching the force on the D3-branes as originating
from w and Wnp. Let us consider K mobile D3-branes located at zˆk, k = 1, . . . , K in
the internal manifold. These positions generically enter the D7-branes gauge coupling
through the threshold corrections. We assume that the non-perturbative potential is
governed by the gaugino condensate such that
Wnp(zˆ1, . . . , zˆK) = N 〈S〉 , (6.5)
where N is some constant which depends on the details of the low-energy theory on the
D7-branes and the condensate 〈S〉 depends on zˆk. For the SU(N) theory N = N . In
general this coefficient depends on the beta-function of the low-energy field theory.
We use (6.5) to find 〈S〉 and w as given by (5.6):
w(z; zˆ1, . . . , zˆK) =
1
NWnp(zˆ1, . . . , zˆK) log h(z) + w0 . (6.6)
Here w0 is some z-independent constant, which can depend on the locations of the mobile
D3-branes zˆk.
We now impose the agreement for the force applied on the k-th D3-brane as calculated
using w and Wnp
∂Wnp(zˆ1, . . . , zˆK)
∂zˆik
=
∂w(z; zˆ1, . . . , zˆK)
∂zi
∣∣∣∣
z=zˆk
. (6.7)
These equations can be seen as a system of differential equations determining Wnp. This
can be easily integrated
Wnp(zˆ1, . . . , zˆK) = A
K∏
k=1
h1/N (zˆk) , (6.8)
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and A is some zˆk-independent integration constant. A can dependent on other chiral
fields, e.g. the compactification moduli. In appendix C we revisit the derivation of Wnp
based on the logic of [14, 15] and generalize it to the case of arbitrary Ka¨hler metric
and holomorphic axion-dilaton. This result is in complete agreement with the expression
(6.8).
The calculation above is based on the logic presented in [8, 9]. Compared with [8],
here we clarify the distinction between w and Wnp. We also extended the results of
[9] to backgrounds with holomorphic axion-dilaton. More importantly, in [9] the relation
between ∂w and ∂Wnp was established only up to an overall coefficient. Here we confirmed
this coefficient to be one, as in (6.7). In particular this implies that the coupling between
the three-form flux to the gaugino bilinear on the world-volume of the D7-branes (A.11)
is exact, i.e. will not get loop corrections.
Clearly a similar argument should cover the non-abelian case, when the D3-branes
coincide, or other possible localized sources of the D3-brane charge like those originating
from the D7 world-volume fluxes. The latter can play a crucial role in the mechanism
for generating Yukawa couplings on D7-branes through the non-perturbative effects [6].
7 Discussion
In this paper we discussed how gaugino condensation on D-branes can be incorporated
into a ten-dimensional picture. We considered in detail the cases of gaugino condensation
on D5, D6 and D7-branes, wrapping some supersymmetric cycles in the internal six
dimensional manifold. Our analysis was local, in that we took the internal manifold to
be non-compact. This corresponds to the MP → ∞ limit from the four-dimensional
point of view.
The discussion of D5-branes is focused on the description of the dynamical effect of
the gaugino condensate 〈S〉 on the bulk complex structure. It was shown that 〈S〉 6= 0
acts as a ‘source’ for the complex structure, which is then dynamically deformed away
from its tree-level value. In the mirror symmetric setting of D6-branes, the condensate
〈S〉 6= 0 acts as a ‘source’ for the symplectic structure. These results, based on local
ten-dimensional arguments, have been compared with well-known results on geometric
transition in the context of the gauge/gravity correspondence [3, 10, 11, 12, 13].
The case of D7-branes displays some distinguished features. The ordinary complex
structure of the tree-level background is deformed into a generalized complex structure.
Moreover, it allows for a relatively simple perturbative analysis of this effect, with all
ten-dimensional supersymmetry conditions under control, at least to first order. In par-
ticular, we have discussed how the supersymmetry conditions are modified by localized
terms on the D7-branes. Furthermore, we have shown that the deformed supersymmetry
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conditions are perfectly consistent with the equations of motion and Bianchi identity.
Our analysis bridges the gap between the approach of [8], which was based on super-
symmetry, and the approach of [9], which was based on the supergravity equations of
motion. In particular we confirm the prediction of [9] that the gaugino condensate sources
IASD G3 flux in the bulk, working in the more general framework with a holomorphic
axion-dilaton.
There are a number of interesting open questions. For instance one should investigate
possible SUSY breaking associated with the compactification effects. We touched this
topic in section 2.4 where we argued that the SUSY breaking could have a topological
origin. This issue may be related to the problem of extending the local solution to a global
one. In the case of gaugino condensate on D7-branes, there is an additional complication.
The first order solution described in section 5 is valid only in the neighborhood of a local
patch of the divisor wrapped by the D7-branes supporting the gaugino condensate. Even
in a purely local approach with non-compact internal space, extending our result to
a complete solution may present complications similar to the topological obstructions
affecting settings with D7-branes at the classical level [41, 42]. The two problems appear
similar and their solution could require a more detailed understanding of the D-brane
setting and of the associated low-energy effective theory which could include other light
modes besides the pure SYM sector. This understanding seems necessary to have a
picture of the large N geometric transition in the D7-brane setting.
Another important direction is to find the local description of the geometry around
the D7-branes beyond the linear order in the gaugino condensate. Encouraged by the
simple form of the linear deformation, we investigated in appendix B if a straightforward
generalization of the same ansatz can solve the equations to higher orders in 〈S〉. Al-
though all the supersymmetry conditions can be solved, the RR Bianchi identities are
solved only up to a term quadratic in 〈S〉. Formally this can be interpreted as a delocal-
ization of the D7-branes. To support this interpretation or to find the solution that solves
the unmodified Bianchi identities would be a significant step forward. In a recent paper
[48], the same problem was addressed in the particular setting of four D7-branes and one
O7-plane wrapping the CP2 in the CY complex cone over CP2. The non-perturbative
in 〈S〉 solution found therein develops a singularity at finite radius, before reaching the
putative location of the divisor with the condensing branes. It would be interesting to
understand the relation between the results presented there and here.
We leave a better understanding of these and other important issues to the future.
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A D7-brane fermions and 3-form flux
The aim of this appendix is to compute the relevant terms describing the coupling of the
D7-brane fermionic bilinear to the background three-form flux.
The fermionic sector of the κ-symmetric D-brane action, at the quadratic level in
fermions, was computed in [45]. In the case of D7-branes wrapping a divisor Σ8 ⊂ X10,
with the gauge-invariant worldvolume flux F = B|Σ8 + 2πα′ F, it is
Sferm.D7 =
iπ
ℓ8s
∫
Σ8
d8σ e−φ
√
det(g10|D + F) θ¯[1− Γ(F)]
(
MαβΓαDβ − 1
2
O
)
θ (A.1)
where α, β, . . . are world-volume indices on Σ8. Dα and O are the pullback of operators
acting on bulk fermions, whose explicit form can be found in Appendix A of [47]. The
doublet
θ =
(
θ1
θ2
)
(A.2)
is the GS-spinor on the D7-brane, while Mαβ denotes the inverse ofM := g10|Σ8 + σ3F .
Eventually Γ(F) is the κ-symmetry operator, which for the D7-brane takes the form:
Γ(F) =
∑
q+r=4
(−)r+1(iσ2)(σ3)rǫα1...α2qβ1...β2r
q!(2r)!2q
√− det(g + F) Fα1α2 · · · Fα2q−1α2qΓβ1...β2r . (A.3)
In what follows we start by assuming the background to be a general supersymmet-
ric IIB background of the form discussed in section 4.1. The D7-branes fill the four-
dimensional space X4 and wrap the four-cycle D ⊂ M . In order to analyze the fermion
bilinear, we employ the following κ-fixing gauge
θ¯Γ(F) = −θ¯ . (A.4)
Then, the fermionic action takes the form
Sferm.D7 =
2πi
ℓ8s
∫
X4
d4x
√−g4
∫
D
d4σ e4A−φ
√
det(g|Σ + F) θ¯
(
ΓµDµ +MαβΓαDβ − 1
2
O)θ
(A.5)
To extract the dependence on the four-dimensional fermions we need to known the
Kaluza-Klein reduction form of θ. It is built with the help of the supersymmetry gener-
ators ǫ = (ǫ1, ǫ2) (here ζ is a constant four-dimensional chiral spinor)
ǫ1 = ζ ⊗ η1 + c.c. , ǫ2 = ζ ⊗ η2 + c.c. (A.6)
, specified by the chiral six-dimensional spinors η1 and η2 as follows. Supersymmetry
requires the D-brane to satisfy the κ-symmetry condition ǫ¯Γ(F) = ǫ¯. Using this and the
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κ-fixing (A.4), we are led to identify the four-dimensional gaugino λD (the Dirac spinor)
with the four-dimensional part of θ
θ1 =
ℓ2s
4π
e−2AλD ⊗ η1 + c.c. θ2 = − ℓ
2
s
4π
e−2AλD ⊗ η2 + c.c. (A.7)
As a check, one can apply the supersymmetry transformations on the D7-brane which
was found in [45] to get the standard four-dimensional supersymmetry transformations
relating the four-dimensional gauge field to λD. In order to fix normalization in (A.7) we
calculate the kinetic term which reads
i
2π
Reα λ¯Dγ
µ∂µλD . (A.8)
Here γµ are the four-dimensional Dirac matrices associated with the flat metric dxµdxµ
and α ≡ α(T ) is the holomorphic gauge coupling (4.32).
The gaugino λD is chiral in four dimensions (here we choose a particular representation
of the gamma matrix algebra such that γ5 is diagonal)
λD =
(
0
λ¯α˙
)
. (A.9)
To facilitate the comparison with the literature we rewrite the result for the kinetic term
in the Weyl representation
− i
2π
Reα λσµ∂µλ¯ . (A.10)
It has the canonical normalization, as in (2.12).
We now compute the coupling of S = λλ
16π2
to the three-form flux G3. Since θ¯θ ∼ 〈S〉,
in (A.5) we can keep classical configurations for the background metric, dilaton and the
D7-brane embedding. We also set F = 0 for simplicity. After some algebra we arrive at
the following term
SD7 ⊃ 1
32πℓ4s
∫
X4
d4x
(
λTDCλD
∫
D
G3 · Ω J ∧ J + c.c.
)
= − i
32πℓ4s
∫
X4
d4x λ¯α˙λ¯
α˙
∫
D
G3 · Ω J ∧ J + c.c. (A.11)
where λ¯α˙λ¯
α˙ = εα˙β˙ λ¯
β˙λ¯α˙.
B An all-order deformation with smeared D7-branes
We now comment on the possibility of extending the first-order supersymmetric solution
found in section 5 to higher orders. The most natural strategy, which we want to explore,
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is to simply ‘exponentiate’ the first order β-deformation introduced therein. The problem
with this strategy is that the linear solution in section 5 heavily relied on peculiarities
of the classical backgrounds of section 4.2. Hence the correct second order deformation
may be more complicated than the naive exponentiention of the linear one.
Nevertheless it makes sense to investigate what happens if we apply the beta defor-
mation beyond the linear order. The resulting finite β-deformation on TM ⊕ T ∗M spinors
(i.e. polyforms, like Z and T ) is the operator
eβ = 1 + ιβ +
1
2
ιβιβ +
1
3!
ιβιβιβ , (B.1)
with the new spinors Z,T of the form
Z = eβ · Z0 , T = eβ · T 0 . (B.2)
Here we labeled the undeformed pure spinors, provided by (4.21), with 0. The transfor-
mation (B.2) has a natural advantage of keeping Z and T pure and compatible at all
orders in β.
Since β has only (2, 0) and (0, 2) components, the action on Z0 ≡ Ω stops at first
order. Therefore the deformed Z coincides with (5.10) even for finite β and, by choosing
θ = βyΩ as in (5.2)-(5.6), equation (4.35) is also satisfied for finite β.
Let us now turn to the condition (5.7a). The warping eA can be extracted from Z
and T by the following formula
e6A =
〈Z, Z¯〉
〈T, T¯ 〉 . (B.3)
Because eβ· preserves the Mukai pairing the warping is not changed and we have
e2A = eφ0/2 . (B.4)
Hence, e2AImT takes the form
e2AImT = eφ0/2ImT 0 − 1
3!
eφ0(ιβ +
1
2
ιβιβ)(J ∧ J ∧ J)
= eφ0/2ImT 0 +
i
8
(ιβ +
1
2
ιβιβ)(Ω ∧ Ω¯)
= eφ0/2ImT 0 +
1
4
Im(θ¯ ∧ Ω) + i
8
θ ∧ θ¯ . (B.5)
By taking the exterior derivative we then find
d(e2AImT ) =
1
4
ℓ4s δ
2
D ∧
[〈S〉 θ¯ + 〈S¯〉 θ] . (B.6)
In order to preserve supersymmetry, we must impose d(e2AImT ) = 0. In fact, by using
the local solution (5.5)-(5.6), the singular three-form in the right-hand-side of (B.6) is
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zero. To understand this we can multiply it by some probe three form χ and integrate
over M . The result will be an integral of the form < S¯ >
∫
D
θ ∧ χ + c.c.. Now, the
one-form θ is proportional to dh/h, where h = 0 on D. Therefore the pull-back of θ on
D vanishes and (5.7a) is satisfied for finite β too!
We have seen that, already at first order in β, the tree-level supersymmetry conditions
are modified by the localized terms on D. In section 5, we have explicitly shown how to
keep them under control to first order. However, understanding local terms comes after
one understands how to satisfy the equations of motion in the bulk. In the rest of this
section we simply neglect all terms localized on D. In this approximation the tree-level
supersymmetry conditions are expected to hold unmodified.
Now, we are left with the supersymmetry condition (5.7b) that, neglecting localized
terms induced by the gaugino condensate, is equivalent to the tree-level condition (4.10c).
As in section 5, we can consider this condition as the definition of the supersymmetric
RR fluxes, which in the case at hand are given by
F = −∗ˆ σ[e−B ∧ e−φ0d(eφ0ReT )] . (B.7)
Remember that (B.7) implies that the equations of motion for F away from D are au-
tomatically satisfied. However, the Bianchi identity (4.13) which we prefer to rewrite
as
dF tw = d(eB ∧ F ) = −j (B.8)
needs to be separately verified.
In order to proceed (B.7), we would need the explicit form of the internal metric gˆ
(which enters ∗ˆ) and of the B-field, which are encoded in Z and T . We will not need
the new value of the dilaton. The beta-deformation is in fact a particular case of a more
generic O(6, 6) transformation of the spinors Z, T . The general formula for the new gˆ
and B, valid for any O(6, 6) transformation is as follows. The O(6, 6) transformation can
be represented by a matrix
O =
(
a c
b d
)
(B.9)
acting on the generalized tangent bundle TM ⊕T ∗M . The matrices a, b, c and d satisfy the
O(6, 6) restrictions
aT b+ bTa = 0 , cTd+ dT c = 0 aTd+ bT c = 1 . (B.10)
By defining E = gˆ +B, the O(6, 6) action on E is given by
E0 → E = (b+ dE0)(a+ cE0)−1 . (B.11)
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Notice that this action (B.11) is formally identical to the T-duality transformation. More-
over the transformation of the dilaton preserves this formal analogy. In fact if O is
constant and has indexes only along the U(1) invariant directions this transformation
reduces to a continuous T-duality. However, it should be clear that our case is different
from the T-duality simply because the elements of O are generically not constant and
there are no U(1) isometries.
Now, the β-deformation introduced above can be seen as a O(6,6) transformation of
the form
Oβ =
(
1 −β
0 1
)
(B.12)
i.e. with a = 1, b = 0, c = −β, d = 1. See e.g. [49] for an application of this formalism
to the study of the deformed SCFT’s in AdS/CFT, along the lines of [50], when the
constant β defines a continuous T-duality.
By applying (B.11) in the case of a β-deformation, we obtain
E = E0 · (1− βE0)−1 ≃ E0 + E0βE0 + . . . (B.13)
Up to quadratic order in β the B-field is given by (5.13) while
gˆi¯ = e
φ0
2
[
g0i¯ −
1
8
(
g0i¯|θ|2 − θiθ¯¯
) ]
. (B.14)
To calculate (B.7) we use somewhat sophisticated generalized geometry techniques.
The condition (4.35) implies that Z defines an integrable generalized complex structure
J on M \ D. In general, it is possible to show that this is equivalent to the existence
of a split of the exterior derivatives acting on polyforms into the sum of two generalized
Dolbeault operators d = ∂J + ∂¯J [18]. In the case of interest when Jβ is associated
with the holomorphic β-deformation of an ordinary complex structure, the generalized
Dolbeault ∂β ≡ ∂Jβ operator is
∂β = ∂ − [∂, ιβ2,0 ] + [∂¯, ιβ0,2 ] (B.15)
where ∂ is the ordinary Dolbeault operator associated with the original complex structure.
By using (B.15), it is possible to rewrite the twisted field F tw as F tw = F tw+ + F
tw
−
with (see [51] for details)
F tw+ = i∂
βReT = i∂(e−φ − 1
2
J ∧ J)− i
2
∂¯
[
ιβ0,2(J ∧ J)
]− i
2
∂¯
[
ιβ0,2ιβ2,0(J ∧ J)
]
(B.16)
and F tw− = (F
tw
+ )
∗. We can now compute dF tw by using the identity dF tw = ∂βF tw− +
∂¯βF tw+ . After some work we get
dF tw = −j + 1
8
ddc(e−φgmnθ¯mθn) (B.17)
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where dc = i(∂ − ∂¯) and we have omitted the terms localized on D. This is an exact
result valid to all orders in β. The last term on the r.h.s. of (B.17) should be vanish-
ing in an ordinary supergravity background, a condition which does not appear to be
satisfied. Hence, we see that a finite β-deformation fails to produce a ordinary super-
gravity background already at the second order. Yet the expression (B.17) contains some
nontrivial cancelations. In general one can expect dF tw to have the six- and four-form
contribution, yet they vanish. The only contribution that remains is the two-form like
the original j. This suggests that we can formally promote the localized source (4.24) to
a partly smeared D7-brane current
ˆ = j − 1
8
ddc(e−φgmnθ¯mθn) . (B.18)
This would solve the BI, at least ignoring terms localized on the condensing brane. The
possible physical interpretation of this observation is not clear to us. We postpone the
issues related to higher orders in β for future investigations.
C Non-perturbative effects and D3-brane superpo-
tential
It is well known that D3-branes filling the space-time X4 of a classical GKP background
[7] have flat classical potential and can move freely in the internal space. In the presence
of Euclidean D3-branes (E3-branes, for short) or D7-branes this can be changed by non-
perturbative effects. A non-trivial superpotential Wnp for the D3-branes is generated and
the D3-branes experience force. The structure of the D3-brane location dependence of
Wnp generated on one E3 in the context of the F-theory compactifications without flux
was first proposed in [14] by use of a monodromy argument. Later this result was extended
in [15] for gaugino condensation on D7-branes for some specific examples of warped conic
backgrounds with trivial dilaton through an elaborate straightforward calculation. The
logic used there was somewhat opposite to the one followed in section 6. While in section
6 we studied the force on D3-branes in the background including the backreaction by
the D7-branes, in [15] the D3-branes were treated as the source affecting the physics on
the D7-branes. In this appendix we would like to revisit the derivation of Wnp using the
same point of view as in [15]. We provide an elegant derivation of (6.8) valid for any
GKP background and for any divisor with a general (1, 1) primitive world-volume flux.
Our derivation will also make a connection with the approach of [14].
In what follows we do not assume the supersymmetry conditions (4.10) to be satisfied.
Hence the resulting Wnp will be equally valid in the presence of a mildly SUSY-breaking
G0,3 term that generates a non-vanishing expectation value of the GVW superpotential.
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The latter is a crucial ingredient of the scenarios proposed in [1, 52] and like. Furthermore,
notice that the technical steps presented below can be straightforwardly applied to the
intrinsic F-theory settings, by using the dual M-theory picture with the non-perturbative
superpotential generated by the M5-branes [53] in flux backgrounds of the kind described
in [54].
C.1 Supergravity derivation
Let us consider a stack of D7-branes wrapping a divisor D that undergo gaugino con-
densation. The non-perturbative superpotential generated by the gaugino condensation
is given by
Wnp = Λ
3 = µ30 exp (−2πα/N ) (C.1)
where α is the field theory coupling constant (2.11) defined at the UV scale µ0 and N
is some field theory dependent coefficient. In the case of pure SU(N) SYM N = N .
Furthermore, to describe the Wnp generated by the E3-instanton it is enough to take
N = 1.
The gauge coupling α (4.32) can be obtained by expanding the DBI+CS action for
the D7-branes:
α = − 1
2ℓ4s
∫
D
(
e−4AEJ ∧ J − e−φF ∧ F
)
− i
ℓ4s
∫
D
C ∧ eF . (C.2)
Here, we have used the form of T = e−φ exp(i e−2AE+φ/2J +B) for the GKP background
with warping and F ≡ B|D + 2πα′F is (1,1).
Consider now the case of a mobile D3-brane located at y = yˆ. Following the original
idea of [55], we aim to obtain (6.8) by extracting the dependence of α on the D3-brane
coordinate yˆ. In other words, we need to compute how α changes under a small displace-
ment of the mobile D3-brane. Then, using (C.1) we will find howWnp depends on yˆ. The
D3-brane is mutually supersymmetric with the background before the non-perturbative
effects on the D7-branes are taken into account. The backreacted background remains
of the GKP type. In fact the only part of the geometry affected by the D3-branes is the
warp factor AE which is determined by the following equation
∇2e−4AE = 1
2
eφ |G3 |2 + ∗QlocD3 . (C.3)
Here |G3 |2 = 13!GmnpG¯mnp and
QlocD3 = (e
−B ∧ j)6 = ℓ4s
( ∑
p∈D3’s
δ6y(p) −
1
4
∑
q∈O3’s
δ6y(q)
)
+
1
2
∑
a∈D7’s
δ2Da ∧ Fa ∧ Fa .(C.4)
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is the D3-brane localized charge14 Neither metric nor axion-dilaton or three-form fluxes
get affected when the D3 is moved. Hence, from (C.2) we get
δ log |Wnp|2
δyˆm
= − 2πN ℓ4s
δ
δyˆm
∫
D
e−4AEJ ∧ J . (C.5)
In this section we denote the derivative with respect to the mobile D3-brane position
with δ
δyˆ
, in order to better distinguish it from the derivatives with respect to the ordinary
internal space coordinates. We can now rewrite the r.h.s. of (C.5) as an integral over the
complete internal space M
− 2πN ℓ4s
δ
δyˆm
∫
M
e−4AEJ ∧ J ∧ δ2D =
4π
N ℓ4s
∫
M
δe−4AE
δyˆm
J ∧ J ∧ J
3!
δ
(0)
D . (C.6)
At the next step we vary the equation (C.3) with respect to yˆ
∇2 δe
−4AE
δyˆm
= ℓ4s
δ
δyˆm
δ
(0)
yˆ , (C.7)
where
δ(0)y ≡ ∗δ6y . (C.8)
So far our calculation was not different from [15]. The approach of [15] was to solve the
equation (C.7) explicitly expressing δe−4AE through the Green’s function on M . Then
the corresponding result was substituted into (C.5) and integrated over D. Although
conceptually simple, these steps require the metric on M to be sufficiently simple to
admit an explicit expression for the Green’s function. In fact there is a more elegant
way to proceed which is equally good for any Ka¨hler metric on M . The idea is to use
the Poicare´-Lelong equation mentioned in section 5 to express the delta-function δ
(0)
D
localized on D through the holomorphic section h(z) of the line bundle that defines D
through h = 0
δ
(0)
D =
1
4π
∇2 log |h|2 . (C.9)
Naively this equation depends on the metric, but in fact this dependence is a phan-
tom. This relation follows from ∂¯∂ log h = 2πiδ2D which is metric independent. After
substituting (C.9) into (C.6), integrating by parts and using (C.7), we obtain
δ log |Wnp|2
δyˆm
=
1
N
δ
δyˆm
∫
M
J ∧ J ∧ J
3!
log |h|2δ(0)yˆ =
1
N (∂m log |h|
2)|y=yˆ . (C.10)
14We work on the orientifold covering space. Furthermore, for simplicity, we omit the curvature
contributions to the D3-brane charge induced on D7-branes and O7-planes.
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This, together with the assumption that the superpotential Wnp is holomorphic, is
enough to prove thatWnp = A h1/N (zˆ) which matches (6.8). The extension to the case of
more than one D3-brane is straightforward. The resulting relation for the k-th D3-brane
δ log |Wnp|2
δyˆmk
=
1
N (∂m log |h|
2)|y=yˆk , (C.11)
coincides with (C.10). Clearly the superpotential is given by (6.8).
C.2 Imaginary part and holomorphicity of Wnp
So far we merely assumed holomorphicity of Wnp based on its four dimensional inter-
pretation. In fact this too can be proved if one considers the imaginary part of log Wnp
similarly to the calculation of the real part above. Indeed, we will presently show that
the variation of the superpotential with respect to the antiholomorphic coordinate ˆ¯z ı¯
vanishes
δWnp
δ ˆ¯z ı¯
= 0 . (C.12)
This would be sufficient to conclude that (6.8) is the only solution of (C.11), obtaining the
desired result. In what follows we consider only one D3-brane, although the generalization
to many D3-branes is straightforward.
Let us start with the purely imaginary part of the non-perturbative superpotential as
given by (C.1) and (C.2)
Im logWnp =
2π
ℓ4s
∫
D
(
C4 + C2 ∧ F + 1
2
C0 F ∧ F
)
. (C.13)
The treatment of Im logWnp requires some care, since the RR potentials are not globally
defined. In particular, the D3-brane acts a monopole-like source in the BI
dF5 +H ∧ F3 = QlocD3 , (C.14)
and this is exactly the reason why C4 and hence (C.13) depend on the D3-brane position.
This is directly related to the approach of [14] which was based on the observations that
Im logWnp should acquire a non-trivial shift by 2π when the D3-brane encircles around
the D7-branes.
Our starting point is the BI (C.14)
δdF5
δyˆm
= −ℓ4sd(ιmδ6yˆ ) . (C.15)
We identify dC4 with the closed part of F5 . Then the variation of dC4 with respect to a
small displacement of the D3-brane is
δdC4
δyˆm
=
δF5
δyˆm
+ ℓ4sιmδ
6
yˆ . (C.16)
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In particular we can take δC4 to be of the (2, 2) type. This is because the possible
(3, 1) and (1, 3) contribution can be get rid of with help of the appropriate gauge trans-
formation. Indeed the possible δC1,3 would obviously be ∂¯-closed and it would then
contribute to (C.16) through the ∂-exact and ∂¯-closed piece dδC1,3 = ∂δC1,3. With
help of the ∂∂¯-lemma of the Ka¨hler spaces, see for instance [56], that states that a ∂-
exact and ∂¯-closed form is ∂∂¯-exact, we find that ∂δC1,3 actually must be ∂∂¯-exact.
And therefore δC1,3 = ∂¯Λ1,2. Hence, it can be reabsorbed by a gauge transformation
δC4 → δC4 − d(Λ1,2 + c.c.).
Now we use (C.16) to calculate the the anti-holomorphic variation
∂¯
δC4
δ ˆ¯z ı¯
=
δF 2,3
δ ˆ¯z ı¯
, (C.17a)
∂
δC4
δ ˆ¯z ı¯
=
δF 3,2
δ ˆ¯z ı¯
+ ℓ4sιı¯δ
6
yˆ . (C.17b)
On the other hand, we have to preserve the bulk condition F5 = ∗de−4AE , which translates
into the following expression for the RR five-form
F 2,3 =
i
2
∂¯e−4AE ∧ J ∧ J . (C.18)
Now, by combining (C.17a) and (C.18) we obtain that
δC4
δ ˆ¯z ı¯
=
i
2
δe−4AE
δ ˆ¯z ı¯
J ∧ J + ω4 (C.19)
where ω4 is some (2, 2) form. Clearly ω4 must be ∂¯-closed as follows from (C.17a).
Moreover it must be ∂¯-exact. To see that we notice that freedom in the choice of ω4 is
almost completely removed by imposing the compatibility with (C.17b)
∂ω4 = 2
δF 3,2
δ ˆ¯z ı¯
+ ℓ4sιı¯δ
6
yˆ . (C.20)
Now, this is the (3, 2) form and it is obviously ∂-closed. That means ∂ω4 is also ∂-exact,
simply because the (3, 2) cohomology group is trivial for the GKP backgrounds. On the
other hand, from (C.18) it follows that dF5 = 2∂¯F
3,2 and then (C.20) is also ∂¯-closed.
Then we again use the ∂∂¯-lemma of the Ka¨hler spaces to conclude that ∂ω4 is in fact
∂∂¯-exact. Hence, ω4 is the ∂¯-exact form that solves (C.20) plus some d closed (2, 2)
piece. This closed (2, 2) piece is not fixed by the BI and the equations of motion and is
related to the gauge freedom in the definition of C4 . Clearly we require this part to be
independent of the position of the D3-brane yˆ.
Now it is time to use (C.19) to calculate the variation of logWnp. Since the yˆ depen-
dent part of ω4 is ∂¯-exact it does not give any contribution. Combining together (C.13)
and (C.5) we get
δ logWnp
δ ˆ¯z ı¯
= 0 , (C.21)
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which is equivalent to the holomorphy condition (C.12). This concludes our derivation
of the non-perturbative superpotential (6.8).
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